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O ; ABSTRACT 

o 

We show that a certain superfield formalism can be used to find an off-shell supersymmetric description 
for some supersymmetric field theories where conventional superfield formalism does not work. This "new" 
formalism contains auxiliary variables A a in addition to conventional super-coordinates a . The idea of this 
construction is similar to the pure spinor formalism developed by N.Berkovits. It is demonstrated that using 
this formalism it is possible to prove that the certain Chern-Simons-like (Witten's OSFT-like) theory can be 
considered as an off-shell version for some on-shell supersymmetric field theories. We use the simplest non- 
trivial model found in [2] to illustrate the power of this pure spinor superfield formalism. Then we redo all the 
calculations for the case of 10-dimensional Super- Yang-Mills theory. The construction of off-shell description 
for this theory is more subtle in comparison with the model of [2] and requires additional Z2 projection. We 
discover experimentally (through a direct explicit calculation) a non-trivial Z2 duality at the level of Feynman 
D \ diagrams. The nature of this duality requires a better investigation. 
In ' 

■ 1 Introduction 

The importance of the off-shell formulation of supersymmetric field theories is well known. The off-shell SUSY- 
invariant actions can be found only in limited number of cases for small number of supercharges and in certain 
space-time dimensions. These formulations are usually based on the superfield formalism. The main advantage 
of off-shell formulation is the possibility to prove non-renormalization theorems and derive Ward identities on 
correlation functions. However, in contrast to on-shell formulation, there are auxiliary fields in addition to 
physical degrees of freedom. The number of these fields may be very large and even infinite. 

In the recent paper [2] it was demonstrated that the classical actions for different quantum field theories can 
be obtained as effective actions from the single fundamental theory of Chern-Simons (or Witten's OSFT) form 



■ gFund 

a ■ 



J Tr( < 7, Q B A > + g < 7, A 2 > ) (1) 



Close constructions was originally suggested in [3] and [5]. In the present paper we will demonstrate that all 
these effective theories are in fact invariant under the global SUSY transformation at least on-shell. The main 
new results of the present consideration are that action (1) is an off-shell version of all these effective theories 
and that pure spinor formalism can be considered as a convenient superfield formalism which allows to write 
the off-shell action in terms of component fields. The definition of the fields, operator Qb and canonical pairing 
< , > can be found in the section 4, see also the introduction to [2]. In this previous paper we argued that 
integrating out some fields from the action (1) one can obtain physically interesting effective action. In the 
present paper we show that all these fields which are integrated out are nothing but auxiliary fields needed to 
restore the off-shell invariance of the on-shell supersymmetric effective action. This view on this procedure is 
very much in the spirit of [6]. 

The subject of the present paper is the descent of off-shell supersymmetry of the action (1) down to its 
effective action. To control the SUSY properties of these actions and discuss the descent of symmetry it is 
convenient to introduce an auxiliary action S SUSY (interacting with superghosts) defined as 

S SUSY = J Tr(<7, Q B A > + g < 7, A 2 > + < 7, eQ s A > + <7, rj^d^A > -^(^"e)) (2) 
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The first two terms in this action are exactly those of S Fund . The third and the fourth terms give the algebra of 
symmetry (SUSY + translations) and the last term is determined by the structure constants of the SUSY algebra 
{Qa> Q s p\ — 27a/3<9 M . Here e a and ff are the ghosts for the global symmetry of S Fund (e a - for supersymmetry, 
r)^ - for translations). Hence they do not depend on space-time coordinates. Introduction of these auxiliary fields 
and addition of the last tree terms into the action (2) is needed to guarantee that action (2) satisfies classical 
Batalin-Vilkovisky (BV) Master Equation over all the fields including ghosts e and r\. This fact is equivalent to 
the condition that S Fund (the first two terms in S SUSY ) is invariant under the algebra of symmetry generated 
by Q s and 9 M and to the condition that this algebra is closed off-shell. As it was mentioned in the section 2 of 
[2] (for rigorous proof see [4]), integration of BV action over a lagrangian submanifold preserves BV invariance 
of the effective action. This invariance is what is left from the off-shell invariance of the fundamental action. 
In particular it leads to the statement that the ghost independent part of the effective action is invariant under 
the on-shell SUSY transformation. 

Thus, the standard ideology of Batalin-Vilkovisky formalism allows us to control how the off-shell symmetry 
of initial action is inherited in the effective action. Usually BV formalism is used to control gauge symmetries 
[1]. In this paper we apply the same technique to study the descent of global supersymmetry. 

In the section 4 we illustrate these ideas in the rather non-trivial model with 5 quadrics found in [2]. 
Then in section 5 we apply the same technique to the more interesting model — 10-dimensional Super Yang- 
Mills. Application of this procedure to SYM is more subtle because after evaluation of effective action on the 
cohomologies of Q-operator one should make a Z 2 projection identifying the fields A and P (representatives of 
cohomologies in A and 7). Remarkably, this projection also preserves BV invariance of the action. At the level 
of our present understanding this fact seems to be accidental. This observation allows us to find a non-trivial 
Z 2 duality at the level of explicit calculation of Feynman diagrams. This duality states that there are certain 
identities between different Feynman diagrams like 

eQ s eQ s eQ s eQ s 

= *"*r 



(e7 p e)A M c — ^ 10 + 40 + j + 10 + 32 160 + 320 64 + 20 40 ^ (£7' e)A^c 

after the identification c = c* and A* = A^. The calculation of the diagram in the l.h.s. is almost 
automatic. The calculation of the diagram in the r.h.s. is rather involved. It contains a lot of contributions. 
Each contribution requires a lot of 7-matrix algebra including Fiertz identities and different spinor expansions. 
However, all this contributions collapse in the end to unity which coincides with the l.h.s. and is an example of 
the Z 2 duality. This duality has been checked experimentally for all the diagrams arising in the calculation of 
effective action. The fundamental nature of this duality is not clear for us. However, what can be said is that 
the action of SYM with all the SUSY structures satisfies BV equation over all the fields as a consequence of 
this observed Z 2 duality of Feynman diagrams. 

Summarizing the introduction we would like to list our main results obtained in the present paper. 

• It is demonstrated that the Pure Spinor Formalism can be considered as a Superfield Formalism for a 
large class of interesting quantum field theories - pre-theories (see section 5 for definition) . 

• It is shown that action (1) can be considered as an off-shell supersymmetric version of these effective 
pre-theories. The action and degrees of freedom of an effective action are dictated by the choice of the 
system of quadrics / M (A). 

• All effective theories obtained after evaluation of effective action of (1) above the cohomologies of Q- 
operator are at least on-shell supersymmetric. 

• To obtain the BV version of effective action with the SUSY structures in case of 10-dimensional SYM 
one should make a Z 2 projection on the space of fields after the calculation of effective action for (1) (see 
section 5 for details). For the present moment we do not know whether this Z 2 symmetry of effective 
action can be considered as coming from the Z 2 symmetry of the fundamental action. Would that be 
possible, we construct the off-shell description of 10 dimensional SYM. 

• A non-trivial Z 2 duality at the level of Feynman diagrams is discovered for the case of 5*0(10) quadrics 
/ P (A) = A7 M A. Evaluation of the diagrams on the one side of this duality is almost automatic. The 
corresponding calculation on the other side is rather complicated. 
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Through the whole paper we use the notation 7^ to define the system of quadrics as / M (A) = A Q 7^ /3 A /3 . We 
would like to stress that we do not restrict ourselves to consider 7^ as conventional Dirac 7-matrices. We treat 
them as a set of constant matrices, symmetric w.r.t. a and (3. As it was shown in [2] this "extension" of the 
standard Berkovits' construction allows to obtain a zoo of non-trivial effective theories for (1). Only for the 
case of 10-d SYM 7^ are conventional SO(10) 7-matrices. 

1.1 From Off-shell to On-shell Theory Through BV Construction 

First of all we would like to clarify the difference between off-shell and on-shell supersymmetric descriptions of 
a theory. 

Off-shell description. 

Suppose there is an action S cl and a closed algebra generated by Q a and d^, defined by {Q a ,Qp} = ^lap^n- 
By off-shell description we mean the following. Action S should be invariant under the transformation 

6 s e S cl = e a Q a S cl = 0, SlS cl = Cd^S d = 

and that the commutator of two SUSY transformations with parameters ei and £2, being applied to arbitrary 
field A from the action S cl should satisfy 

[6 ei ,6 e2 ]A = 2(6^62)8^ 

In these formulas £ M is parameter for translations. 
On-shell description 

By on-shell description we mean that action S cl is invariant under the transformation SS cl = 0. However, the 
commutator of transformations, being applied to a component field A contains corrections proportional to a 
gauge transformation and to the equations of motion (e.o.m.)for some fields 

=2(e 1 7^e 2 )^ + (5 3all9e +i?(e 1 ,e 2 )(e.o.m.) (3) 

Commutator in the l.h.s. should be applied to component fields. See section 2 and 3 for details. 
BV description 

A convenient tool to treat an action and symmetries on the same footing is to use BV formalism. The idea 
is to add to the classical action S cl ((p) (here ip denotes all the fields) its symmetries V a (ip) with ghosts e a (with 
opposite parity to e a ) to form BV action. 

S BV = gel + E a Va fr )v . + tfQ^ + (e^s) V ;. (4) 

The fact that S BV satisfies BV equation is equivalent to the condition that S cl is off-shell symmetric. 

The idea is to integrate the action (4) over auxiliary fields. This integration preserve BV invariance. Effective 
action after integration can be written as 

Sett = gel + £a y a {(p)ip * + ^Q^ ^ + {£ ^ £)v * + 

+ (terms quadratic in antifields) + (terms responsible for gauge fixing) 

Here the set of fields <p in the equation (5) is different from the set of fields ip in the equation (4) . The same 
is true for the transformations V a (<p). Thus action S e ^ also satisfies BV equation. This BV action provides 
on-shell description of initial theory. From the terms written in the second line of (5) one can straightforwardly 
extract corrections arising in the commutator (3). 

Thus our general philosophy can be summarized in the form of the fig. 1. 
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Figure 1: General philosophy 

First of all we unite an action and its symmetries in the form of BV action (S SUSY ), i.e. coupled to 
superghosts. Then we integrate over lagrangian submanifold to find effective action, having non-standard 
coupling to ghosts. Finally we extract information about on-shell theory from this effective BV action. 



2 Quantum Mechanics 

We start from the simplest example - supersymmetric quantum mechanics. One can write the off-shell SUSY- 
invariant action (7) by introducing auxiliary field D. Integrating out this field one can obtain the action which 
contains only physical degrees of freedom, but is no longer off-shell invariant. This means that the algebra of 
SUSY-transformation can be closed only on-shell. 
The algebra of supersymmetry is given by 

{Q,Q} = 2id t (6) 
Q 2 = Q 2 = 



its representation in superspace is 



and the general superfield is given by 



Q = d g + iOd t 
Q = dg+ iOd t 



$ = x + 6ip + 6ip + 60D 

The question which we discuss in the present section is: How can the on-shell SUSY invariance be described 
using BV language? 

The off-shell SUSY invariant action for quantum mechanics can be written as: 

S QM = J dt(^{d t x) 2 - i^d t ^ + ^D 2 - W(x)'D - W{x)"i4>^j (7) 

Here W{<&) stands for the superpotential. The transformations of the component fields (5$ = (eQ + eQ)& are 

5x = etp + eip 

Sif; = -e(id t x + D) (8) 
5rp = e(-id t x + D) 
SD = ied t ip — iedtxp 

Using these expressions it is straightforward to calculate the commutator of two supersymmetry transformations 

[<yi,J 2 ]V = 2t(eie2-e 2 eiW> (9) 

This result is consistent with the algebra (6) , which states that anticommutator of SUSY-charges is proportional 
to the shift transformation. Now we integrate upon the auxiliary field D, substituting D = W (x). Conducting 
similar computations for the commutator one can find 

[5 1 ,5 2 ]ip = 2i(eie 2 - e 2 ei)9 t ^ - 
-(eie 2 -e 2 ei)(id^- W"i/>) + 2e 1 e 2 (id t $ + W"$) ( ' 
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The terms in the second line are proportional to the equations of motion for the fermions. From this result it 
is clear that the SUSY algebra (6) is satisfied only on-shell. In a moment we will explain how it is possible to 
derive these additional terms using BV language. In the section 4 we will show that similar terms arise after 
integrating out auxiliary fields in the action (1). 

Let us add BV antifields and ghosts to the classical action for SUSY QM 



L xf + ^D 2 - iipd t ip - {W'D + W"ipip) + 



+ {eip + eip)x* - e(id t x + D)ip* + s(-id t x + D)ip* + {ied t ip - ied t ip)D* + ^ 
+ t]d t xx* + T]d t ipi>* + r)d t ipip* + ijd t DD* + 2ieerj* 

The first line of this expression is the classical action for SUSY QM, the second one is BV structure of SUSY 
transformation (see (8) for the transformations of the component fields) , the last line contains B V structure for 
translations in time (this is necessary to close the algebra of symmetry) and the term with the structure constants 
for the symmetry algebra (the last term). We would like to emphasize the difference between parameter e a of 
SUSY transformation (see for example (10) ) and the ghost e a for SUSY transformation used in (11). The first 
one is odd variable, the second one is even. There is complete analogy with gauge theories here: parameter 
of gauge transformation is even, while parameter of BRST transformation (Faddeev-Popov ghost) is odd. The 
parity of the ghost for the transformation is always opposite to the parity of the parameter. The ghost field for 
translations is denoted by rj (odd variable), the BV anti-ghost for translations is rj* (even variable). 
Action (11) satisfies classical BV equation: 

r 5 L s BV 8 B s BV r s L s BV s R s BV s L s BV s R s BV s L s BV s a s BV s L s BV s R s BV s L s BV s R s BV 

J Sx 5x* J Sx Sx* Sip Sip* Sip Sip* SD SD* 5rj 5-q* 

Here x stands for all the fields. There are no terms arising from the variation over e and e because the action 
S BV is independent of the antifields e* and e* . Integrating BV action over a lagrangian submanifold results into 
effective action which again satisfies BV equation (the simplistic explanation of this fact is given in the section 
2 of [2], for the rigorous proof see [4]). Let us integrate over the auxiliary field D on the lagrangian submanifold 
D* = 0. The result for the effective action is: 

S eff = J ^(d t xf - iip~d t ip - ^W' 2 - W"W + 
+ (ePp + eip)x* — ied t xtp* — ied t xPp* — W'(eip* — ePp*) + 

— — \ ) 

+ rjd t xx* + rjdttpip* + r]d t ipip* + 2ieei]* — 

\(er erf 

Similarly to (11) in the first line we have classical action, in the second one - SUSY transformations of the 
remaining fields, the third line contains BV structure for translations and the structure constants term. 

The most interesting term appears in the last line. It is quadratic in the antifields and quadratic in the 
ghosts e and e. Let us decompose the effective action S e ^ into two parts S e ^ = S s + S add , where 
S add = —^(etp* — ePp*) 2 . Subscript "S" in S denotes the action with standard (linear in antifields) coupling 
to ghosts. Since (12) is obtained from the integration of BV action over the lagrangian submanifold, S e ^ 
satisfies classical BV equation, which can be written as 



dd 



(13) 



= r sj^f^ff r s L s s s R s s + sj^ s_j? dd s L s s 

J $X n $X*n J S X n $Xn Sip SpJ* Sip Sip* 

Taking into account explicit expressions for S add and S s one can rewrite this result as 

f S L S eff S R S eff f S L S S 5 R S S S L S QM ( 2 x 5 L S QM ( _ 2jA 

where S® M is the classical action for quantum mechanics (7). One can see that the last two terms vanish on the 
equations of motion for the fields ip and Pp. Reducing equation (14) to the solutions of the classical equations 
of motion one can obtain 

5 L S S S R S S 



I 



= 
on the e.o.m. 
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which is the condition of SUSY invariance. This condition however is valid only on-shell. 

What is important for us from this calculation is that appearance of e 2 (x*) 2 terms in the effective action 
signals the descent of off-shell invariance of the fundamental action down to on-shell invariance of the effective 
action. 



2.1 General case 

Though this effect was illustrated using the simplest possible example — supersymmetric QM interpretation 
of these terms (quadratic in antifields and in the ghosts for SUSY) is universal and does not depend on the 
particular theory. To demonstrate this one can write the general structure of effective action as 

geff = gel +c * V n x * n _ ^ c a c P c * +S add^ (15) 

where we used the notation V™ — Q a X n m the term describing the transformation of the component fields. The 
algebra of symmetry is given by [Q a ,Qp] = flpQi an ^ c " are ghosts for this algebra. One can straightforwardly 
plug this action into the classical BV equation and collect the terms linear in antifields. The result is given by 

c <-V k c p —^-Y*--V n Y*f^c l3 c< + —— =0 (16) 

Sx k 2 a nJl3j 8x k Sxl 

Varying this expression w.r.t. c a , c 13 and Xn one can find 



S x k + V P S X k Jafi 7 S X k Sc a 5cP Sxl S X* n 

which is equivalent to 

siocl r(4) qadd 

[Q a ,Qfj]x n - fl^x" - w srSJSxiSa = °' (18) 

and coincides with (10): the commutator of <5i and 62 is connected with the commutator of Q. 

Thus the non-standard terms (quadratic in antifields) in BV action are in one-to-one correspondence with 
the corrections proportional to the equations of motion (10). This result is not new. For the non-complete list 
of references on the subject see [7]. 



3 Wess-Zumino Gauge 

In this section we realize the gauge fixing procedure using the BV language in the simple and well known 
example: Wess-Zumino gauge in M = 1 four dimensional super-Maxwell theory. We find non-standard terms in 
the solution of BV Master Equation responsible for the fact that the Wess-Zumino gauge is not supersymmetric 
(the SUSY transformation of the vector multiplet in the Wess-Zumino gauge gives the fields which are absent 
in this gauge; to restore the Wess-Zumino gauge one should make an appropriate gauge transformation). In the 
next section we will demonstrate that exactly these terms appear in the effective action for (1) after evaluation 
on the cohomologies of Q operator. This observation will lead to the conclusion that the action (1) contains the 
full multiplet of auxiliary fields needed to restore the SUSY invariance, while in the effective action these fields 
are integrated out. 



3.1 Gauge-fixing procedure in BV description 

In this subsection we will show that restriction of the Master Action of BV formalism to the certain lagrangian 
submanifold gives Faddeev-Popov action in the fixed gauge. As an example consider the BV action for the 
gauge invariant action S cl which depends only on the gauge field (no matter fields): 

iBV qcI 1 / T^ac c / /ia\* fa b 



s« v = s cl + J D; c c c (A;y - -f^c c (c a y (19) 

We are going to restrict this action to the certain lagrangian submanifold £/. The definition of £/ is given by: 

(c a )* = 
f a (A) = 

(Aay _ dj b 7 b (20) 
V - dAf C 

c a — is not restricted 
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and restricted by the constraint f a (A) = . The first 
coordinate c a is not restricted, while there is the constraint f a {A) = 0, imposed on the field A a . The 
additional degree of freedom appearing in the field (A®)* is parameterized by c b . As we will show in a moment 
this coordinate c b on the submanifold is nothing but Faddeev-Popov antighost field. It is straightforward to 
check that (20) is indeed a lagrangian submanifold: 

5X*„ A S X n = 5c* A 5c + 5(A^)* A 5A« = SA^AS 

= - SA u A n a i A c b 8Al - SA a u A5c b -i- = —L- c b SA a u ASAl - Sf b A 5c* = 
p dAldA" v dA* dA c v dA" v J 

We start with BV symplectic form written for all the fields and antifields of the theory. In the second equality 
we used (c a )* — and plugged (A^)* from (20). In the next equality we apply operator 5 to -^jt and to c b . 

The first term in the last equality vanishes because dA cg A a is symmetric under interchange A a ^ <-» A c v while 

5 A® A 5A C V is antisymmetric. The second term is equal to zero because of the constraint f b = in (20). 
Restricting the action (19) to the lagrangian submanifold (20) one can obtain 



•tBV 



= S 



cl 



+ J D« c c c (A«y - l - 9 r bc c b c c (c a r 



gel _ D ac c cdfb-b 

" dA- 



h(A) = 



which is Faddeev-Popov action in the fixed gauge and the coordinate on the lagrangian submanifold c b is 
Faddeev-Popov antighost field. 

Summarizing this calculation one can see that to fix the certain gauge one should plug the gauge restriction 
on the fields into the action, integrate over the corresponding antifield, introducing the coordinate on the 
lagrangian submanifold according to (20), and put the BV antifield for the ghost equal to zero, integrating over 
the ghost. 

3.2 Gauge-fixing of the Wess-Zumino gauge 

We start from a set of definitions for the SUSY multiplets. We use the standard 2-d notations for the superfields 
(see for example [9]). In these notations the chiral multiplet is given by 

A = (a + ib)(y) + 6^(y) - 66F{y) = 

i - 1 - (21) 

= (a + ib) + 6>V + iOa^ed^a + ib) - 66F - -668^^6 - -9999d 2 (a + ib) 

the contraction of indices is given by 99 = 9 a 9 a , while 66 = 9a.9 & and = x» + i9a^9. The SUSY 
variation of component fields can be found by direct application of SUSY charges: 

Q « = 8^ ~ (22) 

Q* = - + 

(here 8^ denotes the derivative w.r.t. x M ) according to the rule 

SA = (eQ + 7Q)A 

Performing simple calculations one can find: 

5a = ^(etP + 7$) 

5b = - vP) (23) 

5^ = -2eF - 2id^(a + ib) ea» 
5F = -m^dpip 

Similar computation for the vector multiplet 



V{x, 9,9) = C + i9 x - i9 X + 9a f "9A fl + -M99 - -M99 + 
+ i66(6X + % -6^d^x) - i09(0X + Uo^d^x) + \oOOO(D - l -8 2 C) 



(24) 
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gives the following component transformations: 

SC = iex - iex 
S X = eM - d^C + iA^ 



SA^ = -(edpx) + *(etr"A) - eBrf. + ^A 
SX = ieD - \t{o v oV ~ a^a v )d„A v 
SD = -ecr^A + ea^d^X 
SM = 27X + 2i(ea tl d fl x) 



(25) 



It is well known that the gauge transformation for the vector multiplet is given by 



V V + i(A + A) 



which in component fields gives: 



SC = a 
Sx = 



SM = -F 



Sx = 2^ 
SA„ = -d^b 
SM = -F 



(26) 



SX = SX = SD = 



Now we are going to demonstrate how it is possible to fix the Wess-Zumino gauge in the abelian super Maxwell 
theory using BV formalism. We will show that after the gauge fixing some non-standard terms appear in the 
BV action. These terms are responsible for the fact that the Wess-Zumino gauge is not supersymmetric - 
commutator of two SUSY transformations, should be accompanied by the appropriate gauge transformation to 
return into the Wess-Zumino gauge. As before we introduce the ghosts for the SUSY transformations: e and e 
and the ghosts for translations rf 1 . The full Master Action of BV formalism can be schematically written as: 



In the first line of this expression the classical abelian gauge invariant action is written. The second line contains 
the gauge and SUSY transformation of all the fields as well as the structure constant term resulting from the 
anticommutator of the SUSY charges ( {Q a , Qa} = 2ia£ dt dp ). To write explicit expressions in the component 



WARNING. The fields of chiral multiplet are ghosts for the gauge transformation. Hence their parities are 
opposite to the standard parities of the component fields in the chiral multiplet. The fields a, b, F, F are odd, 



Now we are going to fix the Wess-Zumino gauge C = 0, x — 0) M = using the procedure discussed in 
the subsection 3.1. To do this one should put the fields: C, x> X, M, M equal to zero as well as antighosts: a*, 
ip*, i>*, F*, F* and integrate over the antifields C* , x* , X* , M * , M * as well as over the ghosts a, ip, ip, F, F. 
Direct computation taking into account the parities of all the fields gives 1 




(27) 




while ip and ip are even. 



I 



-F^-iXa^d^X + ^D 2 -d„b(A„y + i{ea»X + Xa^e)A* fl - (ea^d^X - d^e)D* 

+ (ieD - \e{a^a v - a v a^A^ X* + (- ieD - ^(aV - a^a v )ed^A v )x* + 
+ (rfd lx A"Al + v^DD* + rfd^XX* + ^d„XX* + ^d^bb* ) - U^e)^ - 



- 2i{ea tl e)A^ 



(28) 



1 Here we denote the gauge ghost by b to avoid confusion with the first component C of the vector multiplet. 
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The aim of this calculation was to demonstrate the appearance of the last term 2isa fJ, sA fM b* . Following the logic 
mentioned in the end of the previous section one can check that these terms are responsible for the fact that the 
gauge which is fixed is not consistent with the supersymmetry. The algebra of SUSY is closed only up to the 
gauge transformation with parameter (ea^e)A^. In the next two sections we will show, that the terms discussed 
in the sections 2 and 3 are exactly those which arise when one integrates out auxiliary fields in the action (1) 
to obtain effective action. This will be shown for the model found in [2] and for Berkovits' 10-dimensional SYM 
theory. 



4 Superfield Formulation of Gauge Model of [2] 

In [2] we introduced the model that is believed to be the simplest example in the class of physically interesting 
models. Despite of its own interest this model can be considered as a toy model which inherits almost all the 
phenomena related to the descent of supersymmetry in case of 10-dimensional SYM, which is the main subject 
of the present paper. In [2] it was demonstrated that the classical part of effective BV action calculated for the 
theory (1) in case the system of quadratic constraints /^(A) is given by: 

/i = AiA 2 
f 2 = A2A3 

h = A 3 A 4 (29) 
k = A? 
h = A4 

can be written as: 

S cl = fd 2 x Tr ( + D+faD.fa + D-fcD+fo - -j= fa {V> + , V-} + i-^=<h{^+> V>-} + P+D-1++ 

J V V2 V2 (3Q) 

The aim of this section is to explain that this action is invariant under the global supersymmetry transformation 
on-shell in the same sense that TV = 1 Yang-Mills action in the Wess-Zumino gauge is invariant under the 
supersymmetry transformation (the action is invariant and the SUSY algebra is closed up to an appropriate 
gauge transformation). Another point is that action (1) is the off-shell version of the theory (30) without 
elimination of auxiliary fields like C, ip, M in the Wess-Zumino gauge. 

4.1 Initial BV action 

Firstly we notice that there is an odd supersymmetry generator, built using the quadrics / M (A), which anticom- 
mutes with the Berkovits operator 



Q B = Q + $ = \ a — + a ^-8^ (31) 



This SUSY generator is given by: 

Q « SY = 2 6(} dj^dK d « (32) 

By straightforward calculation one can see that 

This is true, because the functions / M (A) are quadratic in X a . Substituting explicit expressions for quadrics 
/ P (A) one can find the following expressions for the supersymmetry generators (we omit the superscripts SUSY): 

Ql = g§7 - 2fl 1( 9+ Q2 = gfj 
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We remind that following [2] we consider the reduction from 5-dimensional space to 2-dimensions, putting 
d\ = d<i = 83 = and 84 = <9+, 85 = cL. We are going to concentrate our consideration on the first 
non-trivial generator Qi which forms the closed algebra with the generator d + . The commutation relations are: 

{ Qi , Qi } = -49+ 

[ Qi , 8+ } = (33) 
[ d+ , d + } = 

The idea is to add the sources e and rj for the generators Q\ and d + to the fundamental action (1) to form the 
BV action: 



= J Tr (< J, QbA > + g<y, A 2 > + e < 7, Q X A > + r? < 3>, d+A > - 2e 2 r 1 * ) 



(34) 



We remind that the field A is a generic superfield build out of X a , 8 a and component fields. T is a generic 
element of the space dual to the space of superfields (dual superfield) . The component fields of A and CP are 
different. Canonical pairing < , > is defined as < e a , e& > = 6%. Here e a is a basis in the space of A and 9 
and e a is dual basis in the dual space. 

By direct substitution one can check that this action satisfies classical BV equation 

f T ( 6 ^ SSUSYS " SSUSY S L S SUSY S R S SUSY S L S SUSY S R S SUSY \ 
J V \ SA 69 + Se 5e* + S v 5 V * J 

The action does not depend on e* , hence the second term in the Master Equation is automatically zero. Action 
(34) satisfies this equation under the following conditions: 

1. Operator Qb is nilpotent Q B = 0. 

2. Generators Qi and d+ satisfy the commutation relations (33). 

3. Operator Qb commutes with the generators as: {Qb, Qi} — and [Qb,9+] = 0. 

4. Operators Qb, Qi and d+ differentiate multiplication of superfields A, i.e. satisfy Leibnitz identity. 

5. The field e is even, the field 77 is odd, A and f are odd and even superfields respectively. 

6. The fields e and 77 (as well as e* and rf) are ghosts for the global symmetry, hence do not depend on 
space-time coordinates. 

We are going to integrate out all the fields in the action (34) from the complement to the space of cohomologies 
Tt(Q). Here operator Q = A a ^|- is the first term in (31). These cohomologies were calculated in the paper [2] 
using the tower of fundamental relations, see also [10] for the same calculation via localization technique. Thus 
we are going to decompose the fields 

A = A + a 
V = P + p 

onto the superfield A of cohomologies of Tt(Q) and the superfield a on the complement to Tt(Q). The same 
decomposition on P and p is done in the dual space. The idea is to integrate over a and p to obtain effective 
action on the component fields of A and P. 

The sources e and r\ for the supersymmetry and translations will allow to control the supersymmetric 
properties of the effective action. The next subsection contains the calculation of effective action using the 
Feynman diagram technique established in [2]. 



10 



4.2 Calculation of Effective action 



For the calculations in this section we use the notations of 
section 6 of [2]. The physical degrees of freedom - representa- 
tives of cohomologies of operator Q, are presented in the table. 
The first column gives polarizations for the component fields, 
the second one - notations for the component fields of A, the last 
one - notations for the component fields of P. To compute effec- 
tive action one has to sum up all connected tree diagrams with 
the external legs being the component fields of A (input lines 
in the diagram) and P (the output line). As it was explained 
in [2] each diagram can have only one output line. 

Conducting this calculation one has to remember that the 
diagrams having the propagator (wavy line), like the diagrams 
4,5,6,7 in the figure 2, should be added with the relative mi- 
nus sign to the diagrams without propagator, like the diagrams 
1,2,3 in the figure 2. The simplest argument for this can be 
given in Minkowski space. Each operator insertion, like eQi 
or r]d+ , contributes a factor of i (complex unity) , coming from 
the exponent, the propagator (wavy line) also contributes a fac- 
tor of i. Hence the diagrams 1,2,3 are proportional to i, while 
the diagrams 4,5,6,7 are proportional to — i (there are two op- 
erators and one propagator) . That is why to find the result for 
the effective action one has to sum all the diagrams without 
propagator and subtract all the diagrams with one propaga- 
tor. It is straightforward to demonstrate that it is impossible 
to draw the diagrams with more than one propagator by calcu- 
lating the degree in A and 9 in the final expression before taking 
the projection onto cohomologies. 

4.2.1 Linear level 

Firstly, consider the linear problem (gauge coupling constant 
g = 0) . The list of the diagrams giving nonzero result is pre- 
sented in the fig. 2. 



$ eQi r]9+ <E> $ 

> X > 1 > X > 1 > X > — X- — ► — X ' 

£<3i $ $ eQi eQx eQi 

*^x~^^x — « — X— ~X- ' *^x~+~^x — — 

Figure 2: Linear level. 

A lot of diagrams are absent in this figure. To prove this fact one has to count the degrees of lambda and 
theta. For example, the diagrams with three insertions of operator $ are absent. This is true because each 
insertion of operator $ gives multiplication by 9X, and these diagrams should have at least 2 propagators, each 
carrying degree 9/X. Thus these diagrams should change the degree in A and 9 by: (j ) 2 {X9) 2 = 9 4 . However, 
there are no two representatives of cohomologies, having equal number of A and difference 4 in the degree of 9. 

Another example of vanishing sub-diagrams is presented in the fig. 3. In the first fragment propagator 
is applied to cohomology, this diagram is equal to zero. Really, propagator gives non-zero result only if it is 
applied to Q-exact expression (see section 3 of [2] for details) . The same is true for the second fragment because 
the image of the propagator has zero projection onto cohomologies. In the last fragment we meet square of 
propagator which is equal to zero. Returning to the diagrams in the fig. 2 we recall that the first and the 
last diagrams in the first line does not contain ghosts for SUSY or translations, hence they have been already 
calculated in [2]. Below we give a schematic illustration of the procedure for calculation of other diagrams. 



Polarization 


Field 


Antifield 


1 


c 


c 


Al#2 + A2#l 




7+ 


7+ 


~r A3 (72 




<p 
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'y 
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'y 
1— 
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X 3 9 2 94 
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AiA4C?4^2 ~t" X2X4.641 
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X±X 3 9i94 -}- A1A401 
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<P3 


<P3 


AiA4#i#4#3 






V?4 


AiA4#i#2#4 




<P5 


<?5 


XlX 3 9i9 2 94 + A1A4&1 






V?6 


A2A4&1&4P3 + AiA4f?2( 


h9 3 




V?7 


AiA4f9if?2^304 


<P8 


<P8 
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T]d+ Vd+ Vd+ 

> X — — ~* — X ^ — — 

Figure 3: Forbidden subdiagrams. 

1. The simplest one is with the insertion of rjd+ operator(the third diagram in the fig. 2). Each of 18 fields 
contributes to this diagram in a trivial way: if input line is the certain field then output line exactly projected 
to its antifield. 

> >< > Field > >< > Field = 

= i](cd + c+ ... + ip 8 d+ip 8 ) (35) 

2. Consider the diagrams with the insertion of operator Q\ (the second diagram in the fig. 2). Among all 
18 fields of the theory only 8 give contribution to this diagram. They are: 7+, x+> V'+i ¥2, <ps, Pi, P8- 
Consider for instance 7+ as an input line: 

7+ : £<2i(Ai0 2 + A 2 6»i)7+ = e(A 2 7+ - 2\ l e l 9 2 9+7+) Projecf '°" > -2eij) + d + 1+- 

To project the result written on the l.h.s of the arrow one should look at the 7 th line of the table with the 
polarizations (cohomologies) . Conducting the same procedure, one can obtain the contributions of all 8 fields 
to the effective action. The result is given by: 



A 4m' = J Tr (- 2e ^+d+7+ + 2ep 8 d+p 7 + 2sp 5 d+p 2 + \si+i>+ - \ 



1 _ 1 „ 



A little bit more difficult is to calculate the diagrams with the propagator. The propagator K is defined in 
the section 3 of [2]. Roughly speaking it acts as follows: K, acting on representatives of cohomologies gives zero; 
being applied to exact expressions propagator gives the pre-image (K{Qu) = id) of operator Q; propagator, 
being applied to certain non-closed expressions gives zero (see [2] for details). 

3. The diagrams containing <& and Qi (the 5 th and 6 th diagrams in the fig. 2). In case <I>(3i-diagrams ( Q\ 
acts first), input lines are 7+, tp2, pi- Consider for example 7+: 

<$>KeQi{\i6 2 + \ 2 0ih+ = e$X(A 2 7+ - 2\ 1 d 1 B 2 9+7+) = e$K (q(9 2 j+) - 2\ 1 6 1 6 2 9+7+), 

the second term in the r.h.s. is proportional to the cohomology and propagator acts on it as zero. 

s<5>k(q{9 21+ ) - 2AiM 2 a+ 7 +) = e<S>6 2l+ = 2e\ 1 9 1 e 2 d +1+ + 2eX 4 9 4 2 d- 1+ (36) 

In this simple example one can see the key feature of this calculation. The first term in the r.h.s. has the 
polarization of -0+ (see line 7 in the table) hence one can project this term to 2e^+9+7+. The second term is 
nonclosed, but it was mentioned before each expression has a chance to sum up with similar term from another 
diagram to form a closed result. This closed result can have a non-trivial projection onto cohomologies. The 
result for the remaining two input lines and 7+ is the following 

AS«n ° = / Tr(2ep 8 d+p 7 - 2e0+9+ 7 + + 2e^d + p 2 ) . (37) 

Finally, in case Qi$ (<& acts first) there are no proper input fields resulting in the closed expression. 

4. Diagrams containing QiQi- These diagrams are the most interesting in the sense, that they give terms 
proportional to e 2 . From the section 2 we know how to interpret this terms. Possible input lines for this diagram 
are: A + , ip\, ip^, p 4 , tp§. The resulting contribution to the effective action is 



A 4» Ql) = / 7>( - e 2 cA + - e 2 A„p 1 ~ s 2 ^p 3 - e 2 ^p 4 - 2e 2 x-P> 6 ) ■ 

5. After all one should examine all nonclosed results coming from all the diagrams. There are six such 
terms. Corresponding in- lines are 7+, 7 _, A + , A_, ip. Among these six terms only the field p is summed up 
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into a non-zero contribution into effective action. One nonclosed part comes from Qi& diagram, another part 
comes from nonpropagating diagram with Q\ inserted. 

eQ W = -2e(A 2 0i03 + \ 3 6i6 2 )d + <p 
eQ l K$Lp = 2e\ie 2 e 3 d + Lp 



e(Qi - QiK$)ip = -2e(A 2 M 3 + Ai0 2 3 + AgMa)^ = 2s(2\ 2 6 3 6 1 - Q{0 x 2 0z 



■Ml ^^iex+d+ip, (38) 



since projection to cohomologies annihilates exact expressions. 

Now we are ready to write down the whole linear effective action with the sources e and T). 



S?i f = Jtt(^ ft( 2{d+A_ -d-A+) ) + fc( 29_ 7+ - \e<p* ) + 2d +7 - ) + ft( 20+ V- 



( 



+ '<A+(- 4e9 + 7 + ) + V 
+ 7] (c<9+c + ... + 'tfsd+ips 



e 2 <^4 ) + X+( 4ea + <^ 



X- - 2e z <p 6 



A-{ -e?<px+2d-c 



-e 2 A A 



(39) 



2rfe 1 



4.2.2 Nonlinear level 

Fortunately there is quite small number of additional diagrams arising after switching on the interaction. They 
are depicted in fig. 4. All calculations are completely analogous to linear case. 



eQi 






Figure 4: Nonlinear diagrams. 



One can straightforwardly check that only «eg» order survives. As in the previous case two pairs of nonclosed 
constructions find each other and result into 



Novilin 



Tr 



(2£ffX + [ A +^] - 4egx-[7+,7-] 



(40) 



other terms are "purely" projected, i.e. each diagram gives closed result and can be projected separately without 
summing up with another diagram. 



AS Nonlin — I Tr ( 



( - 2eg V+[^+,7+] - ^9 ^[vi.T+l ~ 2e 9 <A#3,7+] + 2eg ^s[^4, 7+] - 
-2egr ^ 5 [</5 2 , A+] - 2e 5 ^ 8 [(^7,A + ] + ^eg ^ 8 {yi, X+} ~ \f9 <P7[<P,<Pi] ) 



(41) 



Finally we collect together the results of the work [2] and additional terms with sources for SUSY. Effective 
lagrangian is given by 



L eff 



$F+_ + (ps{D+, D_}ip - gm{^+, + 2gX-[y-M + 2g X +h+^-} + + P-D +1 _ 



+ V>-£> + ^- + 4>+D-il>+ + X-D+X- + X+D-X+ 



2A* + d+c+ 2A*_d- c + g[ c*cc+ ... + ipl{(p 8 ,c} 



+ r\ 



c* d+c 



¥>8<9+</?8 



2 X *+D + v - tp s D +x * + ~ 2^+^+7+ - 2$-D+p + + 
(x+b,$*] - 2V5+[$*,7+] - 4 X _[/3:, 7 +] + \m®\x+} - 2^ 8 [ 7 +,Va 



(42) 



*„2 



2ri*e 



7* (3*_ + A*_<£>* + ip*_ + X-X- ~ c*A + 
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Here we turn to the physical notations as it was in [2]. Namely, 

D + = 2d + +g[A + ,-}, D_=2d_ 



and fields 



g[A- 



F + _ = 2(d-A+ - 8+AJ) + g[A + ,A_] 

c,A±, ...,x± -> c,A±, ...,x± 
c,A±, ...,x± -> c*, A±, ...,x± 



One can see that the terms discussed in sections 2 and 3 appear in the last brackets. According to the discussions 
above, these terms are responsible for the descent of the off-shell SUSY invariance of (1) down to on-shell SUSY 
invariance of (42). 



5 Berkovits' 10-d Super Yang-Mills 

In this section we apply the ideas developed earlier in this paper to the 10-d Super Yang-Mills theory [3], [15]. 
This theory is more interesting from the physical point of view than the model considered in the previous 
section. However, the off-shell description 2 of this model is more complicated because of the necessity to make 
Z2 projection on the space of fields. 

According to the ideology from the previous sections one should calculate effective action for the theory 

S SUSY = J Tr(<3>, Q B A> +.9<T, A 2 > + < 9, e a Q s a A> + < 7, rf!»A> - ^(efe)) (43) 



on the cohomologies of operator Q = \ a -rd^ . Here we use the following notations 



Qb = \ c 



d 
86" 



1 dp 1 

— Q a 

2 d\ a 



d 



(44) 



This calculation is done through the summation of all possible Feynman diagrams according to the standard 
rules discussed in section 4 (see also [2]). The degrees of freedom (representatives of Q-cohomologies) for this 
model are given by 



Polarization 


A 


Dual polarization 


p 


1 


c 


1 


c 


(A 7 ^6>) 


A, 


(A 7 ^6») 








(A7"fl)(07") Q 




-lQ{\ 1 > 1 0)(\l lJ 0){6 1 > lu ) a 


c 


-16(A 7 ^)(A 7 ,y 6i)(6i 7 ^) Q 


C 


10(A 7 ^)(A 7 ^)(£hw#) 


a; 




a; 


(A7^)(A 7 ^)(A 7 ^)(07^) 


c* 




c* 



(45) 



The first and the third columns contain the polarizations (representatives of cohomologies) for the fields and 
antifields respectively, the second column gives the component fields of the superfield A and the fourth one 
the component fields of the superfield P. The component fields in the fourth column are BV antifields to the 
component fields in the second column. For example c is BV antifield to c. The same is true for other fields. 
Let {es} denote the basis in the space of functions of A and 9. Let {e A } denote the dual basis in the dual space. 
There is a canonical pairing among them, that we denote as < , >: < e A , cb >= S A . For example 

< 1, 1 >= 1, < 1, (A 7 ^0) >= 



2 The problem of off-shell formulation in the context of harmonic superspace was studied in [16]. 
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5.1 Doubling 



From the table (45) we see that the number of fields and anti-fields in the theory is twice the number of the 
fields we expect to have in SYM. The second column contains all the fields needed for BV version of SYM (this 
is true if one can think about the fields with the star-sign as antifields for the corresponding fields) . In addition 
to them there are their B V antifields marked by tilde-sign (the content of the fourth column) . At the present 
moment BV bracket is simply the canonical pairing, between P and A. 

We will call this theory, effective for (43), the pre-SYM. This funny name is due to the fact that the 
pre-theory and the theory (SYM) are related by the simple transformation which will be discussed in section 
5.4 below. Roughly speaking, in order to get SYM itself one should identify some fields and antifields of the 
effective pre-theory as it is shown in the table (55). 



5.2 Technical Subtleties in the Calculation of Pre-SYM Action 

In the calculation we follow the standard technique. However it is technically complicated to project on coho- 
mologies of Q. Instead we implement the following procedure [11]. 

Consider the space of functions of the 3-rd power in A and the 5-th power in 8. Consider the subspace of 
this space V\ generated by two elements 

(A 7 ^)(A 7 ^)(A 7 ^)(0 7a6c 0) 

{W p 6){\ lp 6){\ lq e){e labc e) 

This space V\ can be decomposed into the sum of irreducible representations. The only cohomology in this 
space is /i3,5 = (Aj f *8)(\'f l '8)(\'y p 8)(9j flU p8), which is a scalar. Consider linear functional <C^ on the space 
Vi such that it maps cohomology ^3,5 to 1 and non-trivial representations to zero. Namely [11] 

«(A 7 ^)(A 7 ^)(A 7 ^)(^a6c^»= t^Cc" (46) 
<<(A 7 ^^)(A 7p 0)(A 7 ^)(0 7abc 0)>>=^<5 [ [ ; 779][a ^^ 

The coefficient is restored from the condition that the cohomology ^5 is mapped to unity. 

In the computations that we perform we replace projection to cohomologies by the following procedure. For 
each representative h a from the table (45) define a complementary representative d b such that 3 

«/i ■ d 6 > = 5 ab (47) 

Here the product is induced by the multiplication of functions of A and 8. To project some expression onto 
the representative h one should instead calculate the product with the complementary representative d 

Q \h a = M)*^ 1 «4 • 0» (48) 

Here #d a denotes the parity of the representative d a . It happens that with our choice of representatives and K 
the result before projection is always in the space V\ for all the Feynman diagrams. 

Using this prescription one can calculate the effective action for the theory (43). The result is given by 

L ^ = "seo 1 ^^ + Teo^ 7 ^* + ifo 1 ^ 7 ^ + + A » D » r gA *^ c]+ 

+g (ccc + r [c* , c] + , V*] c + V]c + c* [iP* , ij,] ) + 

+ \{e 1 ^)A ll + I^IA; + 2 -{ £1 ^)D^A v + lwp)D»K - ^^)[A li ,A v ]+ (49) 

+7/ 1 [SV - c*0„? + A v d»A v - Ald^Al + tydrf) - (ip*d^*)\ - ri*(e-fe)- 

-80(e^e)$^*) + 160( £ VO(eV*) ~ ^(ej^A* - c{e^e)A fl 

The details of this calculation can be found in the appendix B. 
Here D^ = d^ + g[A^ •], = d^A v - d v A^ + g[A^A v ]. 

We would like to emphasize that construction [11] with the bracket <C 3> is nothing but only a technical 
simplification in the way to project onto cohomologies. 



3 Since the bracket <C 2> maps all functions having the degree in A and 9 different from 3 and 5 to zero, such complementary 
representative is unique and completes the degree in A and 9 to 3, 5. 
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5.3 Z 2 Duality of Feynman Diagrams 



The correspondence between the representatives (47) defines the 2/ 2 symmetry on cohomologies (the Z 2 sym- 
metric representative is the one which completes the given one to non- vanishing value of the bracket -C ^>). 
Though this Z 2 symmetry on representatives is explicit (as is obvious from the table 45 and was discussed in 
[14]) it is unclear why it should be inherited by diagrams calculations. As a kind of experimental evidence of 
this fact below (fig. 5) we present the results for several diagrams arising in the calculation of effective action at 
the quadratic level. From this figure it is clear that the vertices of the effective theory are symmetric w.r.t. the 
discussed Z 2 duality. 

sQ s eQ s sQs eQs 

— . x = — > x- - — > ,x » - = — ■ >< v 

a„ v i>* a; V ip Aft 



-X- 



A» i> 

+ 

$ eQ s 

-7^—* — *■ 

Afx V 



-x- 



+ 

3> eQs 



1* 



A* 



Figure 5: An example of duality. Explicit calculations are presented in the appendix B. 



One comment is in order here. Since we are interested in the action of SYM (not pre-SYM) we will finally 
identify the component fields of A and P according to (55) . Mnemonic rule is the following: tilde and star is the 
same and tilde annihilates star. To understand the equalities in the figure 5 correctly one should make these 
identifications (55). The same is true for figure 6. 

Note that these equalities express a non trivial statement, because incoming and the out-coming lines of the 
diagrams are completely different. All the operators are acting on the incoming lines and the result is projected 
on the out-coming line. Moreover, among these operators there are derivatives w.r.t 6 (in e a Q s a ). This duality 
states that there is, in a sense, a symmetry between the incoming and out-coming arrows. This symmetry 
results in the symmetry of the vertices of the effective action after the identification (55). 

Duality rule. For generic subset of diagrams having certain external legs one can exchange the out-coming 
line with any of the in-lines simultaneously changing the star and tilde signs and shifting external legs in the 
cyclic way as it is shown in the fig. 6. The result does not change. It is important to remember that before 
application of this duality one should sum up all the diagrams having certain external legs (like in case of the 
last diagrams in the figure 5). 



At B* A 2 




Figure 6: The Z 2 duality rule. 



Sometimes this duality looks highly non-trivial at the diagram level and requires a lot of 7-matrix algebra 
to convince that the two contribution are indeed equal. This fact is completely obvious from the calculations 
presented in appendix B. 

5.4 The Z 2 projection 

After evaluation of effective action (pre-theory) it can be written in the following compact form 

s;U = p a v a (A) (50) 
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Here P a denote the components of superfield P and V a (A) is a vector field of the components A a of the 
superfield A, ghosts for SUSY and translations, and space-time derivatives. Since the action (50) is obtained 
via the integration over a lagrangian submanifold of BV action, it should satisfy classical BV equation, which 
can be written as 4 

P b V a d a V b = (51) 

In the previous section we discussed the Z2 symmetry of the effective vertices, which was discovered experimen- 
tally at the level of Feynman diagrams calculation. Such symmetry in this compact notations can be written 

as 

d b V a (A) Vac = d c V a (A) Vab (52) 

where r\ a b is non-degenerate pairing on cohomologies identifying the components of A and P via P a = r\ a bA h 
(see 55). This condition states that the vertices in the effective theory are symmetric w.r.t. the interchange of 
the fields of A and P at the external legs consistent with the Zi symmetry of representatives. 
Relation (52) implies that V a can be written as a gradient 

V a (A) = v ac d c ? (53) 

Substituting this solution into BV equation (51) 

dd^daJd^) = 

In our calculations the constant of integration can be chosen to be zero and we come to the conclusion that 
function 3 satisfies classical BV equation on the space of A, namely 

v ab d a ?d b ? = 0. 

The BV form in this equation coincides with the pairing r\ a b dictated by the Z2 duality on representatives. This 
function 2f will play the role of BV action, which now depends only on the component fields of superfield A. 
Calculation of the function 2r for the pre-action (49) gives exactly SYM theory coupled to SUSY ghosts. 

S eff = jTr^-^Fl v -^rD^-A;D pC + gc*cc + 9 [rMc~ 

-\{eYmi + \(eY u r)F^ + ^[c*d^c-Ald^A v + {rd^)\ - ^(e^e) - (54) 

-A0(e^e){n^*) + 80(e^*) 2 - c*(e^e)A^ 

It is straightforward to check that (54) satisfy BV equation. It should be mentioned that at the linear level 
(coupling constant g = 0), polynomial V a {A) have a certain degree of homogeneity (linear in the fields A a ). 
Hence, the integration (53) needed to extract action 5F from V a (A) results simply in the factor |. Thus at the 
linear level to obtain the action of the theory from the action of the pre-theory one should simply identify the 
component fields of A and P according to the following rule. 



Polarization 



1 

(A7"0) 
(A7"0)(07") Q 

This rule determines the pairing rj a b- 




?(-) 



c = c 
A — — A* 

t\) a = 4) a * 

a; = a p 

c* = -c 



(55) 



4 Solutions of this equation determine the so-called oo-structure. In the context of quantum field theories on simplicial complexes 
these structures were recently studied in [8]. 
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5.4.1 Naive Zi projection 

Naively, one could expect that just inverting the lines in the diagrams using the pairing r] a b would be enough 
to produce the BV action of SYM. This naive procedure corresponds to 

S Naive = r) ab A a V b (A) 

This however does not solve BV equation. In particular this will result in the fact that kinetic term for a gauge 
field would differ from TrF^ v . This can be checked by explicit calculation of the diagrams (see (94), (95) and 
(96) in appendix B). The final result for them after the identification (55) can be written as 

L = -^A^DyF^ = - i^o (2 • {d^A v - d v Arf + 3 • 2g{d ll A v - d v A^)[A^A v ] + 4 • g 2 [A^ A,] 2 ) 

This expression clarifies that to obtain correct result Tr F 2 V one should put the coefficients \ , | and \ in front 
of the quadratic, cubic and quartic terms respectively. Remarkably that exactly these coefficients are dictated 
by the procedure (53). Note that this result can not be achieved by rescaling of the coupling constant g — > 2/35. 

One of the main message of this last section is that the descent of a symmetry (for instance SUSY) from the 
action (1) down to (54) can be realized through the two steps: 

1. One should calculate the path integral in the background of the cohomologies of Q and find the pre-action. It 
is important that the action (1) is the off-shell supersymmetric version of pre-action. This descent was discussed 
in details in the previous section on the example of the 2-d gauge model. 

2. One should implement the procedure (53) to pass from the pre-action to an action. For the moment this 
step can not be done through the path integral. However, what can be said is that after the application of the 
second step the result satisfy classical BV equation over all the fields including ghosts for SUSY. Hence, some 
information about the off-shell description of SUSY in inherited in the action (54) . 
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A Appendix. Some properties of 50(10) 7 - matrices 



In this appendix we summarize some properties of 50(10) 7-matrices, which are important for our calculations. 
Another list of useful identities can be found in the appendix of [11]. Through the whole paper we do not 
distinguish between upper and lower 50(10) vector indices and use the convention, that 7 Pl "■ Ai " = hl^ 1 ...7^"' . 

Ten dimensional 7 - matrices can have two upper spinor indices (~f^) al} or two lower indices (7 M ) Q /3- Both 
these two matrices are symmetric in a and p. 

Using this convention it is straightforward to check the symmetry properties of the following representations 



Symmetric 


Antisymmetric 


(r)ap ( 7 fi-M«) a P (7" 1 -"' , )a/9 
( 7 Mi-f.) a /3 (7" 1 -"»)a/3 


(in^ (7 MIyP )a/3 
(7" 1 -" 8 )a /3 (T" 1 -" 7 )^ (7"'-" 10 )/ 



For the representations with even number of 7-matrices (which hence have one upper and one lower spinor 
index) by symmetry properties we mean A a @ — ±A /3 a 
Due to duality properties of 7-matrices 

7 (10 -n)\ Tm»+i-mio l&'J 

the basis in the space of all matrices is given by 

sj, (ru, {in af \ iinJ\ (r vp u, ( 7 ^)^, (7 mi - m V> (y 1 -" 5 )^, ( 7 " i -' , t /3 - (58) 

The system (58) is complete. This fact allows to prove certain Fiertz identities. To illustrate the procedure 
consider the following identity 

(7 M W(7mW = -\{i a U(la)(3a - ^(j abC U(ja b c)p«- (59) 

Expanding the l.h.s. in the complete set (58) with respect to the indices a and S one can write 

(r) a p(l„)sa = 1 (7 a ) Q5 ( 7Q ) /3CT + C 3 (7 abC W(7a 6 c)/3a + C^^) aS ( la bcde) flo (60) 

we can use only combinations with odd number of 7 - matrices because all spinor indices are lower. Multiplying 
both sides of relation (60) separately by {YY\ {Y 11 " 2 " 3 )^ and (yi-^)^ an( j using tne identities like 

7 7 7a = -87 , 

7 a 7^7a = -47""', 

7°V7a5c = 2887", , 

61 

7 a6c 7^7a6c = -487^", 

7 «5c 7 mi...M. 7o6c = Q, 

01. ..05 -.ft/v — ~ a i— a 5~V v P~ — oi...o 5/v ;*i...;i5 /v — n 

I I (ai...05 I I 7ai...a5 / 7 !ai...as u 

one can straightforwardly fix the coefficients d , O3 and O5 in (60) . In this calculation it is important to 
remember the symmetry properties mentioned in the table (56). Relations (61) can be derived using the 
definition of 7-matrices: {7^,7^} = 2g A "7 We acknowledge inestimable help of Ulf Gran's GAMMA package 
[12] in doing these computations. 

Similar technique allows to obtain other Fiertz identities, for example 

(r UP U(l^ P )Sa = -18( 7 a ) QO (7aW + ^(l abC ) a s(labc)pa (62) 

Independent check that expressions (59) and (62) are consistent can be done by double expansion of l.h.s of 
(59): firstly in the indices a, S, secondly in the indices a, (3. Making this double expansion one should come in 
the end to the initial expression (7^)^/3(7^)50-. 

Applying the same machinery it is straightforward to prove another useful identity 

{^-nJil^V = 315 5 a 8 5/ + 2 ±{^)J( nab )/ + i( 7 ai - a4 ) Q 5 (7 ai ...a 4 )/ (63) 
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Application of relation (59) allows to prove useful identity 

(A 7 "^)(A7 M = 0, W> Q ,r, (64) 
mentioned in the appendix to [11]. Indeed, applying (59) one can find 

(A 7 "V)(A7^) = -^(A7"A)(^) - ^(A 7 afcc A)(^ 7 a fc cO = 0. 

The first term is equal to zero due to pure spinor constrains (X-y^X) = 0, the second one is equal to zero because 
("f abc )at3 is antisymmetric in a, (i (see table 56) while combination A a A^ is symmetric. 



Sometimes it is useful to have the representation for antisymmetric bi-spinor 

a 9P = l(0 7 ^)( 7abc )«<3 (65) 
These relations can be derived in a similar way: for generic bi-spinor one can write an expansion 

£V = ^(evvjw + ^i abc ^){ia bc ) a0 + ^(^■••^)(7M 1 ...M 5 r /3 - (66) 

The coefficients in this expression can be determined by contracting both hand sides with (7^)0/3, {y^ vp ) a p and 
(7 M1 '" M5 ) Q /3. In case of antisymmetric bi-spinor 9y^9 — and 6 I 7 M1 ' A15 6 | = because these expressions are 
symmetric in spinor indices. The representation for symmetric pure bi-spinor gives 5 

due to constrains (A7 M A) = 0. 

In our calculations we will also need a representation [11] 

(a 7 ^)(a 7 ^) - lw v e)(x la e), (68) 

which can be proven by applying formula (59) and commutation relations {7^,7"} = 2g^ v in the r.h.s. 
One more useful formula [13] is 

{r v ) a \l^)p° = -8<5 Q V + 4(7^)^(7^)^ - Ma%" (69) 
In our calculations we also use scalar 6 product [11] 

«(A7^)(A7^)(A 7 '0)(07a6c0)»= ^Klc (70) 
«(A7^^)(A7 P e)(A 7 ^)(07a 6c ^)»=^<5 [ [ ;^ ][a ^<5 c P ] 1 (71) 

B Appendix. Calculation of effective action for the D = 10 SYM 

In this appendix we present the calculation of effective action [2] for the theory 

S SUSY = J Tr(<3>, Q B A> + g<T,A 2 > + < 0>, e a Q s a A> + < 7, ^P S ^A> - 77*(e 7 "e)) (72) 

along the way described in section 5, namely using the scalar product <C 3>, defined in (70) and (71). Operators 
Qb, P s and Q s are defined as 

Q °= Q + *= Xa W + l ead £ d »> ^=^-(^>fl^ ^ = ^ (73) 
Polarizations of component fields are given by (74) (see (45)) 



6 We are indebted to Carlos Mafra for the correction of the coefficient in this expression. 

6 €l p = 
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I"-*/"* 11*1170X1 (',11 

r^Oldl IZailOIl 


A 


P 
i 


1 


4 


J 

P 










r a 




io(x^e)(XY0)(0^ P o) 


A * P 




(xr0)(xro)(XY0)(o^ P o) 


c* 





(74) 



We start from the quadratic terms in the action and then derive interaction terms. 
Quadratic level 

First of all we evaluate the diagrams which do not depend on the ghosts e a and rj^ . These diagrams contribute 
into the classical part of effective action. Below we list the nontrivial diagrams, intermediate and final expressions 
for them. The first diagram is 





A, 

We emphasize that one should first act by all the operators and propagators onto the incoming field and 
then project the result onto cohomologies according the procedure discussed in section 5. Namely, to project 
the result R onto a representative h corresponding to a certain component field B one should calculate <C ^> 
with the complementary representative d, definition is given in (47). The contribution into the action will be 
given by (— 1)# B <CcLB ■ Bc^>. Here #£? denotes the parity of the component field B. The relative sign (— 1)# B 
will be taken into account only in the final result (97). 

The contribution of the first diagram is given by 

T> =«lO(A 7 ^)(A 7 ^)(0 7 ^^)i p • {X la 6)d a c»= -A p ^S^ a p d a c = -A p d p c. (75) 

Here we used the parities of component fields and the definition (70). 
Dual diagram is 

$ 

X > 



a; 



V =«c* ■ (Xj a 9)d a ■ W(\^6)(\ 7u 6)(6r v »6)A p ->= -^S^ a p d a A* p = -A* p d p c*. (76) 



d =^{x la e){8 la r){Xi u e)(xre){e^d v ^= M^iXi^ix^ewr e> •V'ti^tf^ = 

1 ~ 72 ~ 1 ~ (77) 



96-120 ' ' p ' 96-120 ' 160 

Here we used (65) and the definition of 7 - matrices. This diagrams give kinetic term for the fermion 



- 



Ap A* p 
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This diagram is responsible for the kinetic term for the gauge field. First of all we calculate the action of 
operator <I> 



^(X-f0)A M = {\^9)(X 1 v 9)d ll A v = -(A 7 a ^)(A 7a 0)d^. 



In the last transformation we used (68). This should be done to prepare the result for application of the 
propagator (it is impossible to do it directly on (A 7 M 0)(A 7 "0) because (7^)0/3 is symmetric w.r.t. a and /?). 
The pre-mage is given by 

n = h,e 1 a » v e){x la e)d li A v . (78) 

Indeed, Q ■ U = Aj^II = ^{X^f a ^ u 9){X^ a 9)d tl A l/ due to pure spinor constraints (A 7q A) = 0. The whole contri- 
bution of the diagram is given by 

D =^(Xj p 6)A;(X le 0)(Ol atw O)(\rO)» d e d„A u = ^S^A^d^ = -^1(2^% - A\d»d„A v ). (79) 

If one identifies A* = A^ it is possible recognize in this result abelian part of ?2qF£ v . 

Now we switch to the calculation of diagrams proportional to the ghost for the SUSY. The first diagram is 

sQ s 
Afi <ip 

It is enough to use only the second part of Q s , proportional to space-time derivative 7 

eQ s {X^6)A^ = -{E^ v e){X^6)d v A li . 

The contribution of the diagram is 

2) = 16 «(A7 a 0)(A7 b #)(07 Qb VO(£7^)(A 7 ^)» d„A^ = ± <(A 7 a 0)(A 7 6 0)(A 7 ^)(0 7 mnfc 0)> x (80) 



The Z2 dual diagram is 

eQ s 



r * 'a; 

Application of supercharge to -0* gives 

eQ 5 [-16(A 7 ^)(A 7 ^)(0 7 ^*)] = 16(ef9)(\'f9)(\'fd)(frf , 'd p il>*) 
The contribution of the diagram is 

D = 16 «(A 7 ^)2;(e 7 A 0)(A 7 ^)(A 7 ^)(0 7 ^9 A V*)»= ~(effd„il>*)%,. (81) 



V> A» 



Figure 7: 

In contrast to previous pair of diagrams in this case it is enough to use only the first term 7 in Q s acting as 
derivative ^ 

eQ s [(XY9)(9rn = (A 7 %)(W) - (Ay0)(eyV). 
Using the formula (59) one can expand the contribution of the first term and obtain 



7 The other term of Q s does not contribute to the final result of the diagram due to the degree in A and 8. 



22 



d = 10 ^{\ 1 a e)(\ 1 b 6){e 1 abp o)A p {\ 1 ^e)(e 1 ^)-> - 10 ^:{\ 1 a e)(\ 1 b e)(e 1 abp e)A p {\Y L e)-> (ey» = 

= -y «(A 7 Q 0)(A7 b #)(07 abp 0)(A7^)» (e 7 ^)^P - |j «(A 7 a 0)(A7 b 0)(07 afc ^)(A 7 ^ c f?)» (ej^)A p 

in ~ (82) 

-lO«(A7 a 0)(A7 b e)(07 ah ^)(A 7 ^)» (eyVJA, = -^-^^(^JAp- 
The last term with the coefEcient 2 H» is equal to zero due to symmetry properties. 



Calculation of dual diagram is more tricky. 

4 > 

Figure 8: 

Again operator Q s acts as derivative 7 

eQ,[lO(A7*0)(A7*0)(07^'0)A*] = 20(A 7 ^e)(A7 1/ 6i)(6i7^6i)A; + 20{X^e)(\ 1 u e){e 1 f " yp 6)A* p . (83) 
Evaluating the contribution of the first term one can find 

<(A7 Q 0)(07>*)(A7^£)(A7^)(^7V^)>= -\ <t:(\-f a 9){e 1 a ii*)(x 1 ' J e){\ 1 b e)(e 1 b 1 ,/ 1 p o)^> - 

~ <<(XrO)(0l a ^l(\^O)(X 1 mnp 6)(e lmnp Yl p O> = - 2 J 12Q (£7V7 p 7a,67>*) - 

-2OT^ [ :^ [p ^< ] 1 (^n fe 7 £ 7 P 7 P9C 7>*) = (-5^50 - 2^fVo)(^V~*) = - ^ W)- 

Here we used that 07^0 = 6^~f v y6 (This is due to 6^6 = 0) , identity (59) and scalar products (70), (71). 
The second term in (83) gives 



«(A7^)(0 7 >*)(A 7 ^)(A7^)(£7' ll/ ^)»= 7^-120 ^*^^7^ p £) = -^7^*) 



Collecting together 



D = -20 - ±( £1 p r)A; - 20 • L{erfP^)A* = -l^^A*. (M) 



Even from this calculation it is clear that the Z% duality discussed in section 5 looks highly non-trivial at the 
level of Feynman diagrams. Calculation of the diagram in fig. 7 is considerably simpler than that in the fig. 8. 
However, the final result after the identification (55) is the same. In the next set of diagrams we will see more 
dramatic realization of this duality. Calculation from the one side of this duality looks very simple, calculation 
from the other side requires a lot of 7-matrix algebra. 

eQ s $ 
¥r 



Application of sypersymmetry operator 7 gives Q- exac t expression 

eQ s [{X 1 p 0)A p ] = (Ay E )A p . 
The pre- image is {9^ p, e)A p . The whole contribution gives 

D = -16 «(A7^)(A7 b 0)(07 ab ^)(A7^)(07 Al e)» d v A» = -^^j ahv ^ e )d v A ll = l^f-ftf)^ (85) 
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EQs $ 

ir-X *- 



V>* A* 



eQ s [-\&{x 1 ^e){\ 1 l, e){e^ 1 '^*)] = -2 • \&{xye){x^G){eyiij*) - i6{xye)(x-/ u o){eytp*) 

The second term is proportional to that one which appeared in the calculation of kinetic term for the gauge 
field, and according to (78) 

n 2 = -4(9 1 a ^9)(X la 9)(e^r) (86) 
To write the first term in the convenient form one should expand 7 Ml/ = g^ v — 7^7^ and use (64) 

IIi = 32(#7^)(A7 ,y 0)(#7 I W*) (87) 
$(11! + n 2 ) = 32(A7^)(^e)(A7^)(^7 M 5 p V*) - A(XY6)(e 1 a ^6)(X la d){er u d p r) 



D = 32 «(A7 d 0)A*(A7 p #)(07^)(A7^)(0 7 l '7'^ p Vn» -4 ^{X 1 d e)A* d {X 1 p e){e 1 a ^e){X la 9)^> (£7^^*) 

19 ~ 4 ~ 2 ~ 

■^-^Ww^WIai - —A* d s a / P :wd P r) = --(e^r)duA; 



$ eC 

-K X- 



^p ^ 

The first part of the diagram is analogous to the one responsible for the kinetic term in the gauge field (78) 
n = \(6 1 a ^e){X la 6)d p A l ,. Applying operator eQ s one can come to following contribution 

23 = - y «(A7^)(A7^)(^7 6c ^)(£7 ai/ ^)(A7^)» AU M - ^ <<(A7 b #)(A7 c 0)(#7 bc ^)(#7 a ^)(A 7 Q £)>> d v A p 
Contribution of the first and second terms respectively 



5 

^2 = ^120(^7^7^7^)9,^ - ^^5[^ c][fe ^ ( 5;j(^7 bc 7M P 7^7a ? ,e)^^ = ^e^)d v A^ 



Finally 

D = 

15 



CD = ^(e^)^ (89) 



$ £Q S 



Applying operator $ and taking the pre-image one obtains 

n = Aie^e^x-iaO^xye^e^Ydpr) 

Application of sQ s gives 4 terms, corresponding contributions are 

Di = 8A* b «(A7^)(£7 a "^)(A 7 a0)(A7^)(^ 7 ^^*)»= ^W'K " ^7 bp ^*K 

D 2 = 4l h * «(A 7 ^)(07^0)(A 7 ae)(A7^)(e7 M 7 l/ 9pV'*)»- ^ W)1 P - 1( £7 ^*)2* 

D 3 = -4l h * «(A7^)(e7 Q "^)(A7a^)(A7 A1 £)(e7 AI 7^ p V*)»- ~(ed p ^)A* 

D 4 = 4^ «(A 7 b 0) (0 7 <^0) (\>y a 0)(\>y»O) {erf-fdrf* )>= -H( e 0^*)I* - A(e 7 ^*K 
The total contribution is 

d = -l( e 9^*)l; - ^(£ 7 ^^*)a p 2: (90) 

Again we emphasize that the Z2 duality after the identification (55) implies the diagram identity 
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$ eQ s eQ s $ 

— » — x X > ~ — » — X )< > ~ 

+ = + 

eQ s $ $ eQ s 

— — 



Which is rather non-trivial! 



"V - * 

The calculation of the first part of this diagram is analogous to (86), (87). Application of the second operator 
eQ s (III + II2) gives 5 terms. 

Di = -2 • 16 2 <^{X 1 d 9){X 1 k 9){9 1 dk ^){eY L e){X 1 u 9){9 1 u ^V)~>= 32(e^s)$j^*) 

D 2 = 2 ■ 16 2 «(A 7 ^)(A 7 fe 0)(07 d ' £ ^7' J e)(A7 ,/ e)(^7 AI ^*)»= -f (^ 7 Ve)(e7 < V^*)+ 

+i(^ 7 ^ £ )( £7 ^*) + ^ 6c e)(e 7 V) 
2) 3 = -2 • 16 2 «(A 7 d 0)(A 7 fc 0)(0 7 d ^)(^ £ )(A 7 ^)(e 7 , ' 7 ^V*)»= -f (^V^HVV'*) 
2)4 = ~ • 16 2 «(A 7 ^)(A7^)(e 7 dfe ^)(e7 aAI ^)(A7ae)(£7 A1 >*)»= -f (^ 7 fcc e)(e 7 bc ?/>*) 

B 5 = J • 16 2 «(A 7 ^)(A 7 ^)(0 7 dfe ^)(^^)(A 7a e)( £7 ^>*)»= -i|(^ 7 bc £ )(£ 7 fc ^*) 
Summing up all the contributions and using the identities (63) and (69) one can come to 

D = 80(e 7 A1 e)(</V 1 ?/'*) - 160(e^) (eip*) (91) 



eQs eQs 

» X *^"-r 

A p c 



Applying eQs one obtains an exact expression. 

eQ t [(X^0)A M ] = {X'fe)A ll , U = (6^e)A^. 

The whole contribution is 

D = Z«.{\ 1 »e){\ 1 »9){\ 1 p e){6 ltl „ p 6){e 1 a 8)A a »= c(e^e)A p (92) 



eQs eC 

^< x- 



c* A* 
The calculation of dual diagram is much more tricky. Operator Q s acts as and gives 2 terms 

^ K V*) we) {\Y9) {9Y vp ey*] = 

Z(X- 1 p e){X 1 y 9){X 1 p 9){9 1 pi,p 9)c* - 2{X 1 p 9){X 1 u 9){X 1 p 9){e 1 pi,p 9)c\ 

next step 

n x = 'A{9 1 p e){X 1 v 9){X 1 p 9){9 1 pvp 9)c* 
n 2 = - l -(9 1 p »°9){X la 9){X 1 p 9){e 1 p 1 »l p 0)c\ 
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After applying second eQ s there arise seven terms 

eQ s (U 1 +U 2 ) = 3(ej fl e)(\j u 9)(\ 1 p 9)(9j pup 9) ~ 6(9j p e)(\j u e)(\j p 8)(dj tiup 9) 
-&{9 1 p e){\ 1 u 9){\Y0){e 1 pvp 9) - {e 1 p ' M7 9){\ la 9){\ 1 p 9){e 1 p 1 u l p 0) 
- \ (9i pva 9) (\ la e) (At" d) (eyyy 0) + \ (9^9) (\ la 9) (Aye) {erf 

- l -(9 1 ^9){\ la 9){\ 1 p 9){e 1 p l v l p e) 

Some calculus gives us the following results 

«3( £ 7 Al £)(A7^)(A 7 ^)(^ l/ ^)(A7 a ^)» = ^( e 7 Q e), 

-6«(0 7 AI £)(A7^)(A7^)(£7^^)(A7^)» = U^e), 

- ^{E 1 pva 0){\ llJ 9){\ 1 p 9){e 1 p 1 v l p 0)^l a 0> = |(£7a£), 

_i «(^^)(A 7 ^)(A 7 ^)(e7 A1 7Ve)(A7^)» = 

-6 «(07 M £)(A7^)(A7^)(^^)(A7^)» = - ifo)^), 

-I«(^^)(A7 a£ )(A 7 ^)(e 7 ' i 7 l '7^)(A7^)> = - ^)(e 7 a e), 

i«(^^)(A 7 ^)(Aye)(e7^7^)(A7^)» = " ^)(£7 a e)- 

Finally we obtain the same result as in (92) 

V = c*(eYe)A; (93) 



> X > - 



c c 



y^ 



» X » 



c C 



rfdp 



A* 



A*, 



D = A*rfduA* 



y<9 M i]^dy 
*— X + »— X 

Interaction terms 

The next step is to calculate the contributions proportional to the gauge coupling constant g. In contrast to 
the model discussed in section 4, the only effect of this interaction is the replacement of operator insertion 
$ = (Xj^9)d fl by the gauge field (\j , *9)A ll . In this calculation it is important to remember that all possible 
permutations of external legs must be considered to obtain the correct gauge invariant result for the effective 
action. For example, consider the diagram 

-r~* x-^zr 
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one should add five diagrams 



A, 




A* 



V = g^A*MA^A v ] 



(94) 




which are different due to the clockwise rule (see section 5 of [2]). 

There is also a subset of trivial diagrams with ghosts. These diagrams are depicted below. 






Here 4> stand for arbitrary field (c, A^, -0). It is important to remember that all the permutations of external 
legs should be taken into account according to the clockwise rule. 

Collecting together the results for all the diagrams one can come to the following result for the effective 
lagrangian. 



pre 



i 



l 



—A;D„F^ + —WDrf* + JL^WV) + A^c + A*D M c* - gA;\A;, c]+ 

+g(ccc + c*[c*,c\ + $*,ip*]c + $,ip]c + c*[ip*,ip}) + 
+^(e^il>)A ll + \{e^r)Al + \{erf»j>)D »A V + H( £ y- »A* V - 9 -{e^)[A^ A v ] + 
+rf [cd^c - c*d^ + A v d^A v - Ald^Al + $8^) - (rd^*)] ~ v;(e^e)- 
-80(ey*e)(^V*) + 16O( £ 0)(#*) " C *( £ 7^K ~ 
Here = <9„ + g[A^ ■], = d„A v - d v A^ + g[A^A v }. 



(97) 
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